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SECTION  I 


I, 


INTRODUCTION 

It  is  well  recognized  that  a thorough  understanding  of  the  processes  of 

turbulent  mixing,  ignition  and  combustion  of  gaseous  fuels  in  flow  fields, 

such  as  those  present  in  a dump  combustor,^  is  vital  to  the  successful  design 

and  development  of  advanced  air-breathing  propulstion  systems.  A laboratory 

study  of  these  fluid  dynamic  and  chemical  kinetic  processes  has  been 

conducted  for  the  past  few  years  as  part  of  an  in-house  Air  Force  research 
2 

program.  One  of  the  most  difficult  problems  encountered  in  these  laboratory 
studies  is  the  accurate  determination  of  the  gas  composition  at  various 
stages  of  tlie  fuel/air  mixing  process  inside  the  combustion  chamber.  The 
present  contractual  effort  was  undertaken  for  the  purpose  of  developing  and 
assessing  a gas  analysis  method  which  would  be  capable  of  rapid  sampling  and 
data  acquisition. 

t 

The  metliod  selected  by  APL  for  In-situ  gas  concentration  measurements 

utilizes  a mass  spectrometer.  The  use  of  a mass  spectrometer  for  gas 

analysis  allows  data  corresponding  to  gas  concentration  to  be  obtained 

rapidly.  In  addition,  this  instrument  may  be  easily  Interfaced  to  a computer 

so  that  the  data  obtained  may  be  reduced  to  the  desired  format  for  display. 

The  disadvantages  of  a mass  spectrometric  technique  for  in-situ  gas 

concentration  measurements  include  the  requirement  that  the  pressure  of  the 

gas  in  the  combustion  chamber  (hundreds  of  torr)  be  reduced  to  the  pressure 

-4 

limit  required  by  the  mass  spectrometer  for  proper  operation  (less  than  10 
torr)  and  that  the  apparent  concentrations  of  gaseous  species  present  in  the 
combustion  chamber  not  be  altered  in  the  sampling  process.  These  problems 
can  be  solved  by  the  proper  design  of  the  mass  spectrometer  gas  inlet 
system. 

The  mass  spectrometer  selected  by  API,  for  gas  analysis  is  a quadrupole 

3 

type.  This  mass  spectrometer  is  widely  used  for  analytical  applications. 

It  has  several  desirable  features  including  simplicity  of  operation,  small 
size,  rapid  response  and  peak-switching  or  mass-scanning  modes  of  operation, 
t Air  Force  Aero  Propulsion  I.aboratory 
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It  may  also  ho  easily  interfaced  to  computer  systems.  This  is  required  in 
the  present  research  since  data  must  generally  be  obtained  at  high  rates  in 
combustor  research. 

It  shoul d be  noted  that  the  purpose  of  this  report  is  to  discuss  the 
implementation  of  a mass  spectrometric  technique  for  the  in-situ  measure- 
ment of  gas  concentrations  in  a simulated  combustor  flow  field.  Typical 
data  obtained  during  the  current  research  effort  is  presented  here  in  order 
to  illustrate  the  operation  of  the  gas  sampling  technique.  The  significance 
of  these  data  in  terms  of  flow  field  characterization  is  not  discussed  in 
any  detail  but  has  been  reported  in  Ref.  4. 
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SECTION  II 


F 


DESCRIPTION  OF  THE  APPARATUS 

A schematic  Illustration  of  the  quadrupole  mass  spectrometer  and  gas 
inlet  system  is  shown  in  Fig.  1.  A photographic  view  of  the  gas  sampling 
system  is  shown  in  Fig.  2.  The  gas,  whose  com.position  is  to  be  determined, 
is  usually  introduced  through  valve  #2.  A portion  of  the  sample  gas  flow 
enters  the  prechamber  through  valve  #4.  Most  of  the  gas  is  pumped  away 
through  valve  #3.  Due  to  the  limited  pressure  range  within  which  tlie  mass 
spectrometer  will  operate  properly,  most  of  the  gas  flowing  into  the 
prechamber  is  pumped  away  through  valve  if 5 by  a mechanical  pump.  Oniy  a 
small  amount  of  the  original  gas  flow  enters  the  mass  spectrometer  (through 
a 0.006  inch  orifice)  to  be  analyzed. 

The  mass  spectrometer  chamber  is  pumped  by  a four-inch  oil  diffusion 

pump,  which  is  backed  by  a mechanical  forepump.  A cooled  trap  prevents 

oil  vapor  in  the  diffusion  pump  from  reaching  the  mass  spcctroPK'ter  chamber. 

The  system  has  been  operated  with  the  trap  filled  wit  ii  liquid  nitrogen  and 

with  the  trap  filled  with  ethanol  cooled  by  a refrigerated  system.  As 

previously  mentioned,  the  pressure  within  the  mass  spectrometei-  cluimher 

-4 

must  be  maintained  at  less  than  1x10  torr.  A pressure  protect  systi;ra 
automatically  shuts  off  the  mass  spectrometer  any  time  the  pressure  exceeds 
a preset  limit. 


As  seen  in  Fig.  1,  the  mass  spectrometer  consists  of  four  main 
components.  A detailed  description  of  these  components  will  not  be  presentid 
here  since  their  operation  has  been  well  documented  elsewhere.'^  Briefly, 
gas  molecules  are  detected  by  observing  the  ionic  species  formtd  by  electron 
impact  in  the  ionizer.  These  ions  are  detected  by  first  extracting  them 
from  the  ionizer  and  allowing  them  to  pass  through  a series  of  ion  lenses. 
These  lenses  focus  the  ions  at  the  entrance  of  a quadrupole  mass  filter. 

Only  ions  of  a specific  charge  to  mass  ratio  (depending  on  tlie  values  of  the 
DC  and  RF  voltages  on  the  poles)  pass  through  the  filter  and  are  detected 
by  the  electron  multiplier.  Data  are  usually  obtained  with  the  mass 
spectrometer  in  a scanning  mode  so  that  a normal  mass  spectrum  is  obtaineu. 
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If  one  is  interested  in  ions  of  specific  masses,  then  the  system  can  be 
operated  in  a peak-switching  mode  in  which  up  to  six  ion  mass  ranges  can 
be  scanned  sequentially  or  six  individual  ion  peaks  can  be  observed.  In  the 
present  argon/air  mixing  studies,  the  Ar"*”  and  ions  were  observed  in  the 
peak-switching  mode  of  operation.  This  allows  one  Ar^/N^  ratio  measurement 
to  be  obtained  every  two  seconds  if  the  scan  period  for  each  mass  channel 
is  set  at  one  second. 


4 


SECTION  III 

DEVELOPMENT  PHASE  FOR  THE  GAS  SAMPLING  AND  ANALYSIS  SYSTEM 

1.  Mass  Spectrometer  Installation  and  Testing 

The  quadrupole  mass  spectrometer  system  was  assembled  and  installed  in 
the  vacuum  housing.  All  electrical  cables  to  tlie  mass  spectrometer  from 
the  control  units  were  checked  before  connection  in  order  to  ensure  that 
the  correct  voltages  were  being  supplied  to  the  mass  filter  and  to  associated 
lens  and  source  elements.  The  previously  assembled  vacuum  control  panel, 
used  to  operate  valves  in  the  pumping  manifold,  was  also  tested.  Wlien  these 
preliminary  tests  were  completed,  the  mass  spectrometer  housing  was  evacuated 
and  the  system  tested  for  leaks.  The  system  could  be  pumped  down  to  a 
residual  pressure  of  less  than  2 x 10  ^ torr.  VvTien  an  adequate  vacuum  had 
been  achieved  in  the  system,  the  quadrupole  mass  spectrometer  controls  were 
adjusted  and  the  mass  filter  tuned  in  order  to  produce  mass  spectra  with 
the  desired  resolution  and  system  sensitivity. 

In  order  to  Introduce  gases  into  the  mass  spectrometer,  it  was  necessary 
to  design  and  fabricate  a gas  inlet  system.  This  is  shown  schematically  in 
Fig.  1,  along  with  the  other  components  of  the  gas  analysis  system.  In  one 
configuration  of  this  system,  the  gas  sample  is  introduced  through  the  probe 
inlet,  which  will  be  described  later.  For  the  purpose  of  testing  the  mass 
spectrometer,  room  air  was  injected  through  valve  #1.  Air  spectra  were  then 
observed.  Typical  spectra  are  shown  in  Figs.  3 and  4.  The  electrometer 
sensitivity  (determined  by  the  input  resistor)  was  larger  by  a factor  of 
100  for  tiie  scan  shown  in  Fig.  4 than  for  the  corresponding  scan  in  Fig.  3. 

As  seen  in  Fig.  3,  the  nitrogen  (m/e  = 28)  and  oxygen  (m/e  = 32)  peaks  are 
in  the  correct  ratio  for  air  (assuming  that  the  mass  filter  gives  approxi- 
mately equal  responses  for  tlie  two  gases),  indicating  that  the  mass 
spectrometer  is  adjusted  correctly  to  minimize  mass  discrimination  effects. 
I'he  presence  of  other  minor  components,  such  as  argon  (m/e  = 40),  carbon 
dioxltle  (m/e  = 44)  and  higher  mass  trace  constituents,  is  also  evident  in 
the  spectrum  shown  in  Fig.  4. 
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After  the  initial  instjllation  and  operation  of  the  mass  spectrometer, 
a calibration  of  the  X-axis  output  (proportional  to  the  mass  to  charge 
ratio)  versus  ion  mass  was  completed  for  both  the  low  mass  and  liigh  mass 
scales.  The  results  ot  this  i;al ibrat  ion  are  sliown  in  Fig.  5.  These 
calibration  plots  show  that  the  voltage  output  versus  ion  mass  is  quite 
linear  for  both  the  low  mass  and  high  mass  scales.  The  coefficients 
relating  the  ion  mass  to  voltage  output  are  seen  to  be  0.015  volts/mass 
unit  and  0.0075  volts/mass  unit  for  the  low  mass  and  high  mass  scales, 
respectively.  These  voltage  versus  ion  inass  calibration  curves  have  been 
very  stable  over  the  period  of  time  the  system  has  been  in  operation  thus 
far.  The  numbers  1.333  and  b.455  in  Fig.  5 are  potentiometer  dial  readings 
on  the  mass  spectrometer  control  chassis  for  the  low  mass  and  high  mass 
scales,  respectively. 

2.  Gas  Inlet  System  Operation 

One  of  the  limitations  of  the  present  analytical  technique  is  the 
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requirement  that  the  ion  source  pressure  be  lower  than  1 x 10  torr  in 
order  to  operate  the  mass  spectrometer.  This  requirement  sets  an  upper 
limit  on  the  flow  late  of  the  sample  gas  into  the  ion  source  region  of  the 
mass  spectrometer.  After  the  installation  of  the  gas  inlet  system  shown 
in  Fig.  1,  the  pressure  in  the  prechamber  and  in  the  mass  spectrometer 
chamber  were  determined  as  a function  of  pressure  at  the  sampling  probe 
entrance.  The  sampling  probe  used  has  a 0.020  inch  l.D.  opening  at  its  tip. 
The  results  of  these  pressure  measurements  are  shown  in  Table  1.  The 
results  for  two  different  configurations  between  the  probe  line  and  the  gas 
inlet  system  are  shown  in  Table  I.  .4s  shown  in  Fig.  1,  the  probe  inlet  is 
usually  connected  througli  valve  //2.  The  probe  inlet  may  also  be  connected 
to  the  valve  ill  port  if  valve  #1  is  replaced  with  an  on-off  valve  witti 
the  same  conductance  as  valve  ill.  it  is  interesting  to  note  that  the 
differential  pumping  ctficicncy  is  far  greater  when  the  probe  inlet  is 
coi  nected  tlirongh  valve  ill.  Gas  may  be  sampled  at  a pressure  up  to  50  psig 
in  this  configuration  compared  to  a maximum  gas  pressure  of  30  psig  wlien 
tire  probe  inlet  is  connected  tlirongh  valve  ill.  This  difference  is  probably 
due  to  more  efficient  pumping  tiirough  valve  H'i  wiien  tlie  flow  of  gas  is 
.r'.igned  witli  tin.  direction  of  the  pumiiing  1 i !u> . It  should  be  noted  tliat 
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the  results  shown  in  Table  I do  not  necessarily  reflect  conditions  during 
the  actual  sampling  of  gas  from  the  combustor  chamber  since  the  upper 
pressure  limit  which  may  be  sampled  also  depends  on  other  factors,  such 
as  the  sampling  probe  geometry  and  the  flow  velocity  of  the  gas  mixture 
in  the  vicinity  of  the  probe  tip  inside  the  combustor  chamber. 

3.  Data  Acquisition  Interface 

Analog  signals  corresponding  to  various  experimental  parameters  (ion 
mass,  ion  intensity,  source  pressure)  are  available  at  the  mass  spectrometer. 
These  signals  are  interfaced  to  the  computer  in  the  manner  shown  in  Figs.  6 
and  7.  The  signals  go  through  two  patchboards  to  amplifiers  which  increase 
the  signals  to  5 volts  full  scale  at  the  analog-to-dl gi tal  (A/D)  converter. 

During  the  initial  testing  of  the  computer  Interface  system,  the 
signals  present  at  the  mass  spectrometer  were  traced  through  cables  connecting 
them  to  the  computer.  The  voltages  at  various  points  in  the  system  were 
compared  to  the  voltages  at  the  mass  spectrometer  as  shown  in  Fig.  8.  The 
numbers  5,  6 and  7 correspond  to  the  output  of  amplifiers  wltii  gains  1, 

10  and  5,  respectively.  The  numbers  63,  64  and  65  correspond  to  voltage 
inputs  at  the  A/D  converter.  The  letters  PP  and  QO  correspond  to  voltages 
measured  at  the  patchboard  near  the  mass  spectrometer.  ihe  measurements 
shown  in  Fig.  8 were  made  after  the  amplifiers  were  adjusted  for  the  exact 
gain  desired  and  for  zero  offset  at  the  amplifier  output  (that  is,  zero 
signal  input  yields  zero  signal  output).  The  results  in  Fig.  8 show  that 
the  hardware  between  the  mass  spectrometer  and  the  computer  A/D  converter 
functions  properly. 


;f’ 
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It  is  not  necessary  to  continually  adjust  the  amplifiers  to  achieve  the 
performance  shown  in  Fig.  8.  In  fact,  this  procedure  may  not  be  strictly 
correct  since  the  zero  offset  and  gain  parameters  of  each  channel  of 
information  may  depend  on  the  total  effect  of  each  element  of  hardware 
(amplifier,  connecting  cables,  patchboards  and  A/D  converter)  making  up  a 
single  channel  of  Infornvition.  Thus,  before  each  experiment,  a calibration 
procedure  is  completed  for  each  information  channel.  This  procedure  consists 
of  two  steps  for  each  channel.  First,  the  operator  adjusts  a given 
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experimental  parameter  at  the  mass  spectrometer  lo  zero.  The  computer  is 
told  that  the  value  of  the  experimental  parameter  corresponding  to  the  channel 
being  calibrated  should  be  zero.  The  computer  may  actually  receive  a non- 
zero number  of  counts  from  the  A/D  converter  because  of  zero  offset  in 
hardware  making  up  the  channel  under  test  or  because  the  analog  output  at 
the  mass  spectrometer  may  not  be  zero.  The  operator  then  adjusts  the 
experimental  parameter  to  a non-zero  value.  I'he  computer  is  told  the  new 
value  (in  engineering  units)  ot  this  experimental  parameter.  The  computer 
stores  the  number  of  counts  received  from  the  A/D  converter  for  the  channel 
under  test.  The  calibration  is  then  completed  by  solving  the  simultaneous 
equations 


0 = K . (a  N , , + b ) 
i 1 i 0 i' 


S.  = K. (a.N. , + b. ) 
1 1 1 1 1 1 


where  is  a constant  relating  the  counts  from  the  A/D  converter  to  the 
engineering  units  of  the  measured  experimental  p.irameter,  is  the 

number  of  counts  received  with  the  experimental  parameter  adjusted  to  zero, 
is  the  number  of  counts  received  from  the  A/D  converter  with  the  experi- 
mental parameter  adjusted  to  the  value  a.  and  b^  are  the  calibration 

constants  to  be  determined,  and  i refers  to  the  i^*’  channel  of  i nformat  i<ui. 
This  calibration  process  is  repeated  for  each  citannel  connecting  the  mass 
spectrometer  to  the  computer. 


In  addition  to  monitoring  analog  signals  from  the  mass  spei-t  rometer, 
the  computer  receives  digital  information  from  the  mass  progr.immer  unit. 
This  information  corresponds  to  the  channel  number  being  monitored  bv  the 
mass  spectrometer  at  the  time  the  information  w.ts  taken.  This  channel 
number  tells  which  mass  or  range  of  masses,  as  determined  by  the  operati'r, 
are  being  monitored  by  the  mass  spectrometer.  The  channel  number  is  thus 
a redundant  means  of  determining  the  ion  mass. 


The  interf.'ice  system  also  allows  a pulse  (5  volts,  10  milliseiond 
duration),  which  is  synchronized  with  the  computer  dat.a  acquisition  process, 
to  be  used  Lo  control  the  rate  at  which  tlu'  mass  spectiometer  .uquires 
data.  This  pulsi'  is  input  to  t lu'  svne-in  KNl!  connei  tor  at  the  ri-ar  ot  tlte  mass 
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programmer.  (The  relationship  of  this  pulse  to  the  data  acquisition  process 
is  shown  in  Fig.  9.)  Upon  receiving  the  synchronized  pulse,  the  mass 
programmer  activates  a new  mass  channel  and  scans  that  channel  at  a pre- 
determined speed.  Information  is  not  accepted  by  the  computer  until  approxi- 
mately 117  milliseconds  after  the  synchronizing  pulse  is  received. 

Information  is  accepted  by  the  computer  during  the  time  interval  117  to  1000 
milliseconds  after  the  synchronizing  pulse.  Therefore,  the  mass  spectrometer 
is  adjusted  so  that  the  desired  information  falls  within  this  time  interval. 
During  this  period,  there  are  a total  of  128  samples  collected  and  averaged 
to  yield  a value  representing  the  integrated  peak  area.  The  integration 
reduces  the  effect  of  60  Hertz  noise  in  tlie  transmission  lines  between  the 
mass  spectrometer  and  the  computer  and  reduces  the  effect  of  drift  in  the 
location  of  the  window  being  observed  in  the  ion  signal  versus  mass 
spectrum. 

The  data  acquisition  cycle  described  above  yields  the  area  of  one  ion 
peak  each  second.  Since  meaningful  information  can  be  obtained  only  by 
comparing  the  sample  ion  intensity  (Ar"*”)  with  the  reference  ion  intensity 
(N  ),  two  seconds  ate  required  for  each  data  point.  Although  this  data 
acquisition  rate  is  usually  sufficient,  it  may  be  desired  to  sample  at  higlier 
speeds,  especially  if  reactive  flows  are  sampled.  Therefore,  a high-spt>ed 
integration  program  was  developed.  This  program  allows  vip  to  10  peak 
integrations  per  second.  Thus,  the  time  required  to  obtain  each  data 
point  (Ar^/N^  ratio)  is  reduced  to  only  0.2  seconds.  It  should  be  noted, 
however,  that  this  increase  in  the  data  acquisition  rate  is  achieved  at 
tiie  expense  of  integration  accuracy.  Each  integrated  peak  is  tiie  average 
of  only  eight  samples  opposed  to  128  samples  used  in  the  low-speed 
integration  mode.  The  obvious  advantage  of  the  high-speed  integration  mode 
is  that  a larger  number  of  data  points  may  be  obtained  for  a given  experi- 
mental event.  However,  the  high-speed  integration  mode  does  present  a 
data  handling  and  storage  problem  due  to  the  large  number  or  data  points 
obtained.  This  method  was  not  used  on  a routine  basis  but  will  probably 
be  used  extensively  in  the  future  for  combustion  experiments  where  high- 
speed data  acquisition  is  necessary. 
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4.  Mass  Spectrometer  Operation  for  Gas  Analysis 

In  the  present  fuel  (argon)/air  mixing  studies,  the  argon/air 
concentration  ratio  in  a simulated  dump  combustor  flow  field  was  obtained  by 
comparing  the  measured  Ar^/N^  ior  intensity  with  the  Ar^/N^  ratio  obtained 
from  air  for  which  the  argon/nitrogen  ratio  is  known.  This  technique 
requires  that  the  relationship  between  the  measured  ion  intensity  ratios 
and  the  gas  concentration  ratios,  within  the  concentration  range  of  interest, 
be  linear.  Ibis  assumption  of  linearity  was  tested  before  the  technique 
mentioned  above  was  applied  to  the  analysis  of  any  unknown  gas  mixtures. 

The  test  mentioned  above  was  performed  by  making  up  a series 
of  argon/air  mixtures  of  known  composition  and  measuring  the  Ar"*^/N"^  ratios 
for  each  mixture.  These  Ar'*^/N'''  ratios  were  measured  under  the  same 
conditions  as  a typical  experiment  during  which  gas  is  sampled  from  the 
combustor  chamber  ( 3 torr  pressure  in  the  prechamber,  10  ^ torr  in  the 

mass  spectrometer  chamber  and  with  valves  #3  and  #5,  show’n  in  Fig.  1,  fully 
open).  The  results  of  these  tests,  shown  in  Fig.  10,  Indicate  that  the 
requirement  of  linearity  is  fulfilled  within  the  range  of  argon/nitrogen 
ratios  used  in  the  present  research,  and  that  the  analytical  technique 
developed  in  the  present  research  is  correct. 

In  a typical  combustor  experiment  gas  is  sampled  and  analyzed  contin- 
uously for  a period  of  thirty  minutes  or  more.  Thus,  it  is  necessary  that  the 
monitored  ion  intensity  ratio  remain  constant  within  this  period  for  a 
fixed  gas  composition.  There  is  generally  no  difficulty  in  meeting  this 
requirement  under  normal  operating  conditions,  that  is,  when  the  mass 
spectrometer  source  pressure  is  on  the  order  of  10  ^ torr.  However,  the 
sampling  of  gas  from  the  combustor  produces  an  operating  pressure  in  the 
source  of  10  ^ torr  or  higher.  At  this  high  source  pressure,  space  cnarge 
effects  within  the  source  may  cause  large  fluctuations  in  the  ion  signals 
observed.  This  problem  may  be  eliminated  through  the  adjustment  of  mass 
spectrometer  operating  parameters. 

The  ion  signal  stability  was  tested  by  monitoring  the  intensities  of 
0^^  and  ions  as  a function  of  time  with  a high  pressure  (1  x 10  ^ torr) 
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of  air  in  the  ion  source.  The  high  source  pressure  was  obtained  by  opening 
valve  #1  (see  Fig.  1)  and  raising  the  pressure  in  the  prechamber  until  the 
source  was  at  the  desired  pressure.  The  results  of  one  set  of  measurements 

are  shown  in  Fig.  11.  It  was  discovered  that  the  stability  of  the 

ratio  was  very  dependent  on  the  value  of  the  ion  energy  (the  energy  of  the 
ions  entering  the  quadrupole  region  of  the  mass  spectrometer).  This  result 
is  not  unexpected  since  the  high  density  of  ions  in  the  source  means  that 
space  charge  effects  will  be  significant  and  will  be  an  important  influence 
on  the  trajectory  of  low  energy  ions.  As  the  ion  energy  was  increased  from 

20  to  40  electron  volts,  it  was  observed  that  the  ion  signals  O,,"*^  and 

increased  drastically.  This  indicates  that  space  charge  effects  are 
significant  at  low  ion  energies.  At  an  ion  energy  of  40  electron  volts  the 
02"*”/N2^  ratio  was  found  to  be  stable  over  a 40  minute  time  period  to  within 
+0.1%.  Therefore,  all  experiments  were  performed  at  ion  energies  - 40 
electron  volts. 

In  addition  to  the  requirement  that  ion  signal  ratios  such  as 

be  independent  of  time,  it  is  also  desirable  that  these  ratios  not  vary 

significantly  with  small  source  pressure  fluctuations  ( +10":)  since  there 

may  be  local  pressure  variations  in  the  combustion  chamber  during  an  actu.tl 

experiment.  Figure  12  shows  plots  of  0 ratios  versus  source  pressure 

for  various  ion  energies  < 20  electron  volts.  Tt  was  found  that  the  0.,  /N., 

ratios  varied  significantly  with  source  pressure.  Any  attempt  at  quantifying 

the  change  in  these  ratios  for  a given  change  in  pressure  in  the  source 

was  also  impeded  by  the  time  instability  of  these  ratios  for  low  ion 

energies,  as  shown  by  the  scatter  in  the  data  taken  at  differiuit  times. 

Figure  13  illustrates  the  good  stability  of  the  ’"‘^tio  versus  souri-e 

pressure  when  the  ion  energy  is  adjusted  to  40  electron  volts.  For  a sourci 

-5  -5  + + 

pressure  change  from  2 x 10  to  10  x !0  , the  0^  /N,,  ratio  rlianges  by 

+ + ""  ^ 

only  5%.  The  pressure  stability  of  the  0,^  /N'2  ratio  indicates  also  tlial 
the  ion  energy  should  be  *;  40  electron  volts. 


Figure  14  is  a plot  of  the  signal  from  the  mass  spectrometer  versus 

source  pressure  at  an  ion  energy  of  40  electron  volts.  Tlie  non- 1 ine.ir  i t v 
observed  is  probably  due  to  space  charge  effects. 
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5.  Composlt  ion  qf_  Air  in  the  Combustion  Chamber 

In  order  to  make  sure  that  ttiere  were  no  significant  impurities  in  the 
test  air  and  injected  argon  used  in  the  dump  combustor  experiments,  a 
spectrum  of  room  air  (Fig.  15)  was  compared  to  a spectrum  of  compressed 
air  with  4.4%  added  argon  (Fig.  16)  used  in  the  combustor.  Botii  spectra 
are  normalized  to  the  0 ^ peak.  There  are  no  significant  differences  in 
the  two  spectra  with  the  exceptions  of  the  0 peak  and  tlie  m/e  29  peak 
wiiich  are  larger  in  room  air  tlian  in  the  compressed  air.  Tlius,  ttiere  are 
no  significant  impurities  in  the  gas  used  in  the  combustor. 
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OPERATIONAL  (IAS  S;\MPL1N0  AND  ANALYSIS  ij 
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1.  Description  of  the  Dump  Combustor  and 

Gas  Sampling  System  ' 


After  the  completion  of  the  preliminary  work  described  tluis  far  in  this 

report,  the  technique  under  development  was  used  to  analyze  gas  sampled  in 

non-reactive  combustor  experiments.  Figure  17  shows  a scliematic  diagram  of 

the  dump  combustor  geometry  and  gas  sampling  system.  Air  is  introduced  into 

the  combustor  at  a total  pressure  of  2-3  atmospheres  and  at  a flow  Mach 

number  of  approximately  0.7.  The  trace  gas,  argon,  is  injected  into  the 

air  flow  through  a total  of  eight  ports  as  sliown  in  Fig.  17.  Each  port  !.as 

an  orifice  diameter  of  0.035  inch.  In  this  configuration,  the  argon  flow 

tl. rough  tliese  orifices  is  choked  if  the  upstream  pressure  of  argon  (P  j.) 

is  maintained  at  a sufficiently  higii  value.  The  argon  is  supplied  by  two 

cvlinders  of  pure  argon.  The  pressure,  P , and  thus,  the  argon  flow  rate, 

of 

is  controlled  by  two-stage  pressure  regulators.  The  liegree  of  mixing  within 
the  comhitstor  duct  is  deterraint'd  by  sampling  the  gas  at  various  axial  and 
radial  locations,  with  the  sampling  probe,  as  shown  in  Fig.  17.  The  sampled 
gas  is  analyzed  on-line  and  in  real-time  with  the  mass  spectrometer  system, 
in  the  present  experimental  configuration,  the  sampling  prohe  may  be  located 
at  six  different  axial  positions  within  tlie  combustor.  Tlie  sampling  prohe 
is  also  equipped  witii  an  electromechanical  drive  (not  shown  in  Fig.  17) 
wtiich  moves  the  probe  across  the  mixing  zone  at  a constant  speed,  either 
forward  or  backward,  over  a total  traversing  distance  of  approximately  3.4 
indies.  This  allows  tlie  radial  gas  concentration  profile  for  injected 
argon  to  be  obtained  at  any  of  the  six  axial  locations  of  the  sampling  probe. 


In  the  present  experiment,  two  types  of  sampling  probes  (shown  in  Fig.  18)  ) 

were  used  to  sample  gas  in  the  combustor.  The  first  tvpe  is  a static  | 

pressure  probe  wh i cli  has  four  orthogonal  openings  on  its  side,  the  diameter  | 

of  each  being  approximately  O.OlO  inch.  I'he  second  type  is  an  impact  • 

sampling  probe  with  an  orifice  diameter  of  0.020  inch.  The  total  sampling  i 

I 

area  of  isich  probe  is  icientical.  However,  since  tlie  impact  sampling  probe  j 

is  directerl  .against  the  flow  of  the  argon/air  mixture  in  the  i-ombustor,  ! 

), 

! 

i 
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it  will  sense  the  total  pressure  field  in  the  vicinity  of  the  probe  tip. 

On  the  other  hand,  th.e  static,  pressure  probe  will  sense  only  the  static 
pressure  field  witfiin  the  combustor.  As  a result,  far  more  gas  can  be 
collected  with  the  impact  sampling  probe  than  with  the  static  pressure 
probe.  This  is  verified  by  the  fact  that  the  impact  sampling  probe  yields  a 
much  higher  ion  source  pressure  tlian  the  static  sampling  probe  under 
identical  experimental  conditions. 


2 . ^ea surements  of  Argon/Air  Mi  x i^n^  Pro  f i 1 e s 

In  order  to  determine  argon  concentrations  from  measured  Ar^/N^  ratios, 
the  Ar'*'/N'^  ratio  is  first  measured  for  the  known  mixture,  air,  in  the 
combustion  chamber.  The  concentrations  of  argon  and  nitrogen  in  the 
atmosphere  are  0.934%  and  78.03%,  respectively.  The  Ar^/w"*^  ratio  is 
then  measured  under  the  same  experimental  conditions  for  the  injected 
argon/air  mixture  in  the  combustion  cfiamber.  The  mole  fraction  of  injected 
argon  (defined  as  the  moles  per  unit  volume  of  injected  argon  divided  by 
the  moles  per  unit  volume  of  air)  in  the  injected  argon/air  mixture  may- 
be written  in  terms  of  the  measured  Ar^/N**^  ratios. 


MF 


0.00934 


(ArVN'^) 

(Ai-'^/n'*') 


miji 

ail 
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where  MF  is  the  mole  fraction  of  tire  injected  argon  in  tile  mixture. 


Figures  19  and  20  show  typical  radial  (time)  profiles  of  and  Ar^ 
ion  intensities  for  gas  sampled  by  a sampling  probe  and  analyzed  using  tlie 
mass  spectrometer  system.  Ihese  profiles  were  obtained  by  monitoring  .'.r^ 
and  as  the  sampling  probe  triversed  the  ci>mhustor  at  a constant  rate. 
Figures  19a  and  19b  show  that  tiie  ab.solute  intensities  ol  both  the  and 
Ar^  ions  vary  with  the  radi.il  posit  ii'ii  ot  the  probe  in  the  combustion 
chamber.  The  Ai^/N^  ratio  also  varies  .‘-'liglulv  as  the  radi.il  position  ol  the 
probe  changes.  fins  effect  is  due  to  the  r.idial  dependence  of  the  pressure 
of  air  in  the  combustor.  Kegiidless  of  this  variat  ion  of  the  .Ar^/N"*^  ratio, 
the  argon  rone  lui  t r . t i on  in  air  is  constant.  In  order  to  allow  for  the 
va.  1, it  ion  of  the  me.isuted  ArV'N*  tali.,  in  .i  i i if.  a funetimi  ot  r.idi.il 
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position,  the  fAr  /N  ) . and  (Ar^/N^>  . ratios  must  he  mt^asiired  at  the 

at  r mix 

same  radiai  probe  position. 


Figure  21  is  a plot  of  the  mole  fraction  of  iniected  argon  as  a function 
of  the  radial  position  of  the  probe.  This  plot  Is  obtained  hv  analyzing  the 
raw  data  shown  in  Figs,  ly  and  20.  Tlie  mixing  profile  obtained  is  symmetric 
with  respect  to  the  combustor  ('enter  Iitu*  iY  = 1.42  inches),  as  expected, 
since  the  argon  injection  rate  ' s th”  same  a all  eigt;‘  injection  ports. 

At  the  centerline,  the  measured  injected  argon  mole  fractirm  is  practicall\ 
zero,  indicating  that  mixing  is  far  from  c<>mp.  lete.  As  will  be  discussed  in 
a later  section,  this  mixing  profile  is  laigel'.  dependent  on  experimental 
parameters  such  as  ctiamher  pressure,  argon  injection  rate,  nozzle  diameter, 
as  well  as  the  axial  distance,  X,  from  the  sudden-e.xpansion  step  at  the 
crambustor  inlet. 

Reference  Probe  Measurements 

As  shown  in  Fig.  17,  a second  probe  (reference  probe)  is  located  at 
the  end  of  the  combustor  mixing  zone.  The  tip  of  this  reference  probe  is 
fixed  at  the  centerline  of  the  combustor  immediately  downstream  of  a 
nozzle  through  whlcli  the  mixed  gas  flows  into  the  exhaust  region.  The 
argon  concentration  for  the  gas  measured  by  this  probe  represents  the 
average  argon  concentration  if  a homogeneous  mixture  of  Injected  argon  and 
air  is  obtained  by  the  time  the  gas  reaches  the  end  of  the  combustor  mixing 
zone . 

The  mole  fractions  calculated  from  measured  Ar^/N^  ratios  can  be 
compared  with  mole  fractions  calculated  from  ku(n-n  mass  flow  rates  measured 
for  air  and  argon.  Such  a comparison  is  shc'wn  in  Fig.  22.  Rata  points 
located  on  the  solid  line  indicate  complete  agreement  between  mole  fractions 
calculated  from  AtVn’^  ratios  and  those  calcul  ated  from  measured  mass  flow 
rates.  The  agreement  Is  near  perfect  for  the  lowest  combustor  pressure  at 
both  injection  rates  but  becomes  poorer  as  the  cc'mbusfor  pressure  is 
increased.  This  may  Indicate  incomplete  mixing  at  liigh  combustor  pressures. 
One  other  possible  explanation  for  the  discrepancy  is  that  the  calculation 
of  argon  mass  flow  rates  at  high  chamber  pressures  is  subject  to  error  due 
to  the  fact  that  flow  through  the  injection  orifice  may  not  he  choked. 
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Listings  of  Measured  Argon/Alr  Mixin_g^  Prof  t Les 

Under  Var  ious  Ex£e  r ini^nui  1 Con^^ 

A complete  listing  of  tlie  measured  argon/air  mixing  profiles  obtained 
in  the  present  research  is  given  in  Table  II.  These  profiles  were  obtained 
at  various  values  of  the  following  five  parameters: 

■k 

1)  nozzle  orifice  size  (1)  ) 

2)  type  of  sampling  probe 

i)  inlet  air  pressure  (P  ) 

oa 

4)  fuel  (argon)  pressure 

5)  axial  distance  from  coml)ustor  inlet  (X) 

Due  to  the  large  volume  of  data  obtained,  only  a few  representative 
profiles  will  be  presented  here  in  order  to  demonstrate  the  effect  of  tlie 
five  parameters  listed  above  on  the  measured  niixing  profiles.  As  staled 
earlier,  tlie  purpose  of  illustrating  these  data  is  not  to  analyze  the  flow 
field  ot  mixing  mechanism  inside  the  combustor  but  merely  to  more  clearly 
demonstrate  the  o.Hpabillty  of  the  present  mass  spectrometer  technique  as  a 
diagnostic  tool  in  analyzing  the  composition  of  gas  in  the  combustor  for 
Various  experimental  conditions. 

Ihe  first  parameter  to  be  considered  is  tlie  effect  of  tlie  axial  distan-e, 
X,  on  tlie  degree  of  mixing.  Kigures  2 '3a  and  23b  clearly  demonsttate  the 
cliange  in  the  radial  mixing  protile  as  a lunction  of  .ixial  loiMtion  in 
tiie  combustor  duct. 

Apparently,  tlie  argon  injection  rate  also  lias  ,in  important  eilect  upon 
the  degree  of  niixing.  Under  tlie  present  exjier  i men  t a 1 arrangement,  an 
increase  in  tiie  argon  inject  Icui  rate  is  acliieved  by  iiii.reasing  t lie  injection 
pressure,  P^j--  it  is  expected  tliat  the  penetration  of  tlie  injected  argon 
into  the  high  velocity  ait  flow  would  irirreast  as  the  injection  pressure 
increases.  This  would  result  in  an  ini|iiovement  in  the  argon/air  mixing. 
Figures  2 3c  ;ind  2 3d  confirm  this  expiv  t at  ion . 

llie  effect  of  tiie  comlnistor  static  pressure  (ui  the  mixing  is  opposite 

to  tii.at  of  tile  argim  injection  pressure,  P ,.  An  increase  in  tlie  static 

<1 1 

air  pressure  wili  etfectively  resist  tlie  penetration  of  tlie  argon  injected 
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inCi)  the  chamber  and  result  in  poorer  mixing.  This  effect  can  be  .seen  in 
Figs.  23e  and  2 if. 


A comparisun  of  the  mixing  profiles  obtained  with  the  impact  probe  and 
the  static  probe  may  be  made  from  Figs.  23g  and  23h.  These  two  figures  are 
essentially  Identical.  This  is  expected  since  the  true  argon  composition 
should  not  be  affected  by  the  amount  of  sample  gas  collected. 

Figure  23i  illustrates  a mixing  profile  obtained  with  the  high-speed 
integration  data  acquisition  mode  for  experimental  conditions  identical  to 
tliose  tor  the  profile  shown  in  Fig.  23h  where  the  low-speed  integration 
mode  was  used.  As  seen  in  these  two  figures,  the  mixing  profiles  are 
practically  indist inguishable. 

Near  the  end  of  the  present  research  effort,  emphasis  was  shifted  to 

the  study  of  the  improvement  of  fuel  (argon)/air  mixing  through  tlie  use  of 

a flame  holder  which  is  installed  immediately  before  the  sudden  expansion 

region  of  the  combustor.  Figure  24  shows  the  cross  sectional  view  of  two 

types  of  flame  lu^lders  tested  in  the  present  study.  The  first  type  consists 

of  a set  of  four  identical  blockage  elements  with  one  end  of  each  attached 

to  the  flame  holder  ring  and  the  other  end  extended  into  the  flow  field. 

As  shown  in  the  figure,  the  cross  section  of  each  element  is  an  equilateral 

triangle  witli  one  ridge  facing  the  gas  flow.  The  blockage  area  of  this 

2 

flame  holder  is  23%  of  the  total  inlet  flow  area  (tiiat  is,  in  Fig.  24). 

The  second  type  of  flame  holder  (also  shown  in  Fig.  24)  has  three  identical 
blockage  elements,  each  120  degrees  from  the  other.  The  total  inlet 
blockage  is  also  25%  of  the  total  inlet  flow  area. 


A complete  listing  of  the  measured  argon/air  mixing  profiles  using 
a flame  liolder  is  included  in  Table  ITT.  One  typical  profile,  illustrated 
in  Fig.  25,  clearly  shows  an  improvement  in  argon/air  mixing  due  to  tlie 
flame  holder.  A detailed  account  of  the  mixing  mechanism  is  beyond  the 
scope  of  this  report  but  will  be  presented  elsewliere.^ 


5.  Re_sponse 

In  tho  present  work,  tlie  analysis  of  argon  concentration  profiles  was 
achieved  by  allowing  gas  in  the  comhustor  to  flow  through  metal  tubing  into 
the  mass  spectrometer  detection  system.  Obviously,  it  requires  some  finite 
amount  of  time  for  the  argon  gas  to  travel  the  distance  starting  from  the 
injection  port,  down  the  mixing  zone  (varied  from  1-12  inches),  and  through 
the  entire  length  of  the  probe  line  ( 10  ft)  before  it  can  finally  be 

detected.  It  is  of  some  interest  to  determine  experimentally  the  time  delay 
between  the  injection  of  argon  and  the  first  appearance  of  the  argon  ion 
signal.  The  information  derived  from  this  type  experiment  should  also 
provide  some  indication  of  the  feasibility  of  the  present  sampling  technique 
in  monitoring  changes  in  gas  composition  during  a combustion  cycle  including 
fuel  injection,  ignition,  combustion,  expansion  and  exhaust  of  the  burned 
gas. 

Under  the  present  experimental  arrangement  the  injection  of  argon  into 
the  combustor  flow  field  is  controlled  by  a manually  operated  relay  switch 
which  opens  the  argon  injection  port  valve  when  the  switch  is  turned  on. 

The  probed  gas  is  continuously  flowing  into  the  mass  spectrometer  which  is 
used  to  monitor  argon.  The  Ar^  ion  intensity  is  constantly  monitored,  and 
this  signal  serves  as  the  Y-axis  input  of  a X-Y  recorder.  The  X-axis  of  the 
recorder  is  driven  by  a saw  tooth  sweep  signal.  The  beginning  of  the  sweep 
is  simultaneous  with  the  opening  of  the  argon  injection  port  relay  switch 
such  that  the  start  of  the  X-Y  recorder  trace  represents  the  onset  of  the 
injection  of  argon  into  the  combustor  flow  field. 

Figure  2b  shows  the  X-Y  recorder  traces  of  the  Ar"^  ion  signal  obtained 

as  a function  of  time  (for  both  P , = 89  psla  and  129  psia)  with  the  time  zero 

of 

representing  the  opening  of  the  argon  injection  valve.  The  gas  is  sampled 
through  the  samplijig  probe  whose  tip  is  located  along  the  centerline,  with 
,X  = 2.88  inches.  As  seen  in  the  figure,  after  opening  the  argc>n  injection 
valve,  the  Ar^  .on  signal  remains  at  the  background  level  for  approximately 
0.2  second.  After  this  initial  delay,  the  signal  increases  nearly  linearly 
until  a constant  ion  signal  is  obtained.  Tliis  signal  corresponds  to  the 
new  gas  composition  in  the  flow  field.  Several  seconds  after  the  signal 
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d 


stabilizes,  the  argciii  solenoid  valve*  is  closed.  This  point  in  time  is  siiown 
by  tiie  arrow  in  the  figure.  Again  the  Ar^  iou  signal  remains  unchanged  for 
approximately  0.5  second  before  it  decays  back  to  the  original  level. 

Figure  27  sliows  similar  data  except  that  gas  is  sam.pled  from  the  reference 
probe . 

It  sliould  be  noted  that  the  apparent  Ar"*"  ion  signal  response  is  affected 
by  the  frequency  response  of  the  detection  system.  For  example,  a test 
of  the  X-y  recorder  used  in  these  measurements  shows  that  approximately 
45%  of  the  Ar"*"  ion  signal  response  times  shown  in  Figs.  26  and  27  are  simply 
due  to  the  slow  response  of  the  X-Y  recorder.  thus,  the  total  response  times 
shown  in  tliese  figures  can  only  be  treated  as  upper  limits  of  the  time  delay 
between  the  opening  (or  closing)  of  the  argon  injection  valve  and  the 
detection  of  this  event  by  the  mass  spectrometer  detection  systeni. 


SECTION  V 


SUMMARY  I 

i 

The  results  of  the  present  research  Indicate  that  non-react i ve , simulated  i 

fuel-air  mixtures  at  pressures  up  to  several  atmospheres  can  be  sampled  and  | 

analyzed  In-situ  and  in  real  time  using  mass  sped romet ric  techniques.  I 

. ' 

This  capability  enables  researchers,  investigating  ti  igii-pressure,  high-  i -| 

velocity,  non-reactive  flow  fields,  to  gather  experimental  data  rapidly  and  | 

therefore,  to  study  events  with  greater  resolution  than  was  previously  possible. 

This  experimental  capability  will  be  especially  important  if  the  technology 

developed  can  be  modified  and  applied  to  the  study  of  reactive  flow  fields.  -1 

Researchers  will  then  have  an  important  diagnostic  tool  for  the  study  of  ’ 

combustion  processes,  whether  those  processes  take  place  in  ramjet  engines  | 

or  combustion  chambers. 

The  real-time  gas  analysis  technique  developed  in  the  present  research  'i 

has  been  applied  extensively  to  the  investigation  of  non-reactive  flow  fields. 

Much  of  the  experimental  data  obtained  during  the  course  of  this  study  is 
summarized  in  the  present  report.  The  investigation  of  non-reactive  flow 

; I 

fields  was  a logical  first  step  in  the  development  of  a technique  to  be 
used  as  a diagnostic  tool  in  the  study  of  combustion  processes  since  the 

difficult  problem  of  designing  high  temperature  probes  was  avoided.  The  : 

design  of  these  probes  is  the  modification  of  the  present  technique  whicli 

must  be  accompl  i sln'^d  before  the  mass  spectrometric  sampling  system  can  be 

applied  to  the  stiidy  of  reactive  flow  fields.  I'he  main  problem  to  be 

solved  is  that  the  probe  and  gas  inlet  system  must  be  designed  to  quench  the 

chemical  reaction  (combustion  process)  immediately  upon  sampling.  This 

problem  can  be  approached  now  that  the  analytical  teclinique  for  non-react  i vi’ 

flow  fields  has  been  shown  to  be  operational. 
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TABLE  TI 

LIST  OF  MEASURED  ARGON/AIR  MIXING  PROEII.ES 
„ ^ ^ b 


Nozzle  Orifice 


(_inj.) . . 

Pjol^e_ 

_ (ps  i a_)_ 

2 

static 

22.5 

42 

1.15 

2 

static 

22.5 

42 

2.68 

-7 

static 

22.5 

42 

4.06 

2 

static 

22.5 

42 

5.4  3 

2 

static 

22.5 

42 

8.68 

2 

static 

22.5 

42 

11.43 

2 

static 

30.5 

42 

1 . 15 

2 

stat  i c 

30 . 5 

42 

4.06 

2 

static 

30.5 

42 

5.43 

2 

static 

30.  5 

42 

11.43 

2 

impac  t 

22.5 

42 

2.84 

2 

Impact 

22.5 

42 

8.84 

2 

Impact 

22.5 

42 

11.63 

2 

impact 

30.6 

42 

5.63 

2 

1/2 

impact 

22.5 

42 

2.87 

2 

1/2 

impact 

22.5 

42 

8.87 

2 

1/2 

impact 

22.5 

42 

11.63 

2 

1/2 

impac  t 

35.5 

46 

2.87 

2 

1/2 

impact 

35.5 

46 

8.87 

2 

1/2 

Impact 

35.5 

46 

11.63 

2 

1/2 

impac  t 

49.5 

54 

8.87 

2 

1/2 

impact 

49.5 

54 

11.63 

2 

1/2 

static 

22.5 

42 

8.68 

2 

1/2 

static 

22.5 

42 

2.68 

2 

1/2 

static 

35.5 

46 

8.68 

2 

1/2 

static 

35.5 

46 

2.68 

2 

1/2 

static 

49.  5 

54 

8.68 

2 

1/2 

stat  i c 

49.  5 

54 

2.68 

3 

stat  ic 

30.  5 

4 3 

5.43 

3 

static 

30.  5 

87 

5.43 

Comment 


Figs.  23h  and  23i 


Fig.  23a 


Fig.  23b 
b'ig-  23g 


Figs.  19-21 
Fig.  23e 


Fig.  2 3 f 


Fig.  23c 
Fig.  23d 


TABLE  II  (font  iinu'd) 
a b 


Nozzle  Orifice 


. (in.) 

Probe 

(psia) 

(psia) 

(in. ) 

3 

St at  if 

30.5 

43 

11.43 

3 

static 

30.5 

87 

11.43 

3 

impac  t 

30.5 

44 

2.87 

3 

impact 

30.5 

87 

2.87 

3 

impact 

30.5 

44 

8.87 

3 

impact 

30.5 

87 

8.87 

2 1/2 

impact 

30 . 5 

43 

2.88 

2 1/2 

impac  t 

30.5 

8b 

2.88 

2 1/2 

impac  t 

30.  5 

44 

8.88 

2 1/2 

impact 

30.5 

8b 

8.88 

2 1/2 

impact 

30.  5 

44 

11  .b3 

2 1/2 

impac  t 

30.  5 

87 

1 1 .b3 

2 1/2 

impact 

30.5 

44 

5.b3 

2 1/2 

impac  t 

30.5 

87 

5.b3 

2 1/2 

impact 

30. 5 

44 

4.25 

2 1/2 

impac  t 

30.5 

87 

4.25 

2 1/2 

impac  t 

30.  5 

44 

10.25 

2 1/2 

impac  t 

30.5 

8b 

10.25 

2 1/2 

static 

30 . 5 

8b 

4.05 

2 1/2 

static 

30.5 

128 

4.05 

2 1/2 

static 

30.5 

87 

10.05 

2 1/2 

static 

30.  5 

129 

10.05 

2 1/2 

stat  ic 

30.  5 

85 

8.b8 

2 1/2 

static 

30.  5 

127 

8.b8 

2 1/2 

stat  ic 

30.5 

87 

2.b8 

2 1/2 

static 

50.  5 

127 

2.b8 

Pressure  of  air. 


Pressure  of  fuel  (simulated  by  argiin) 

Axial  distance  of  the  probe  from  the  combustiir  inlet. 
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TAhl.K  1 1 I (cont  iiuu'ci ) 


Flame  Holder 
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oa 
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ot 
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X 
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30.  3 
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30.  5 
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11.4  3 

e 

37 

89 

2 . b8 

o 

37 

89 

5.4  3 

e 

37 

89 

8.68 

e 

37 

89 

11.43 

All  data  were  obtained  using 

the  static  sampling  probe. 

4-element 

array 

positioned  in 

a shape  of  "X". 

4-element 

array 

positioned  in 

a shape  of  . 

3-elemen  t 

array 

positioned  in 

a shape  of  ' 

'inverted  Y". 

3-e lemen t array  positioned  in  a shape  of  "Y". 
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MASS  (m/e) 


(Hardware  Components) 


CONVERTER  COMPUTER  SOFTWARE 


Time  Sequence  of  Events  in  the  Data  Acquisition  Process 


Ar/N2 


Fig.  10.  Plot  of  Ion  Intensity  Ratio  Ar"*^/N^  Versus  the  Argon/ 
Nitrogen  Mass  Flow  Ratio 


ots  of  Ton  Intensity  Ratio  0 /N  Versus  Time 


Fig.  12.  Flots  nf  Ton  Intensity  Rntio  0^  Versus  Source 

Presstire  for  Ton  Energies  20  Electron  Volts 
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SOURCE  PRESSURE  (lO'^TORR) 


ION  INTENSITY 


Schematic  Diagram  of  the  Combustor  and  Cas  Sampling  System 
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Fig.  20a.  Time  Profiles  of  the  N and  Ar  Signals  During 
a Typical  Combustor  F-xperiment  (With  Injected 
Argoi 
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Fig.  23a.  Mole  Fraction  of  Injected  Argon  Versus  the  Radi 
Position  of  the  Sampling  Probe  (see  Table  IT  fo 
experimental  conditions  applicable  to  this  figu 
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MOLE  FRACTION  (xIO®) 


MOLE  FRACTION  (xK)’) 


POP  = 87.00  PS  I A 
POA  = 30.50  PSIA 
X = 5.43  in. 


Y (in) 


Fig.  23d.  Mole  Fraction  of  Injected  Argon  Versus  the  Radial 
Position  of  the  Sampling  Probe  (see  Table  IT  for 
experimental  conditions  applicable  to  this  figure) 
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Fig.  23g.  Mole  Fraction  of  Injected  Argon  Versus  the  Fadial 
Position  of  the  Sampling  Probe  (see  Table  II  for 
experimental  conditions  applicable  to  this  figure) 
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MOLE  FRACTION  (xlO*) 
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30-  X=  2.58  in. 
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Fig.  23h.  Mole  Fraction  of  Injected  Argon  Versus  the  Radial 
Position  of  the  Sampling  Probe  (see  Table  II  for 
experimental  conditions  applicable  to  this  figure) 
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Flameholder 

Cross-section 


Fig.  26.  Plots  of  Argon  Ion  Signal  Time  Response  for  Gas  Sampled  from 
the  Sampling  Probe 


